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internal, thermodynamic isotopic equilibrium. These data suggest that 12 CH 2 D 2 and 24 13 CH 3 D together can identify the influence of methanotrophy in environments where 25 conventional bulk isotope ratios are ambiguous, and these findings may lead to new 26 insights regarding the global significance of enzymatic back-flux in the methane cycle. Additional complexity in sourcing methane is introduced by methanotrophy, the aerobic 39 or anaerobic consumption of methane by microbes. This process can alter parameters 40 that are traditionally useful in sourcing methane such as bulk isotope ratios (WHITICAR, 41 1999 Developments in isotope-ratio mass spectrometry permit the interrogation of these 60 metabolisms by precisely determining concentrations of molecules containing two heavy 61 isotopes, referred to as "clumped" isotopologues. The relative proportions of 13 CH 3 D and 62 12 CH 2 D 2 (reported as Δ 13 CH 3 D and Δ 12 CH 2 D 2 values relative to a random distribution of 63 isotopes among all CH 4 isotopologues; see Supplementary Information) have known 64 temperature-sensitive equilibrium concentrations and thus are sensitive indicators of 65 reversibility in reactions.
Microbial methane displays clumped isotopologue 66 concentrations that range from those consistent with low-temperature equilibration within 67 the environment of formation (INAGAKI et al., 2015) to those with depletions in Δ 13 CH 3 D 68 and Δ 12 CH 2 D 2 reflecting kinetic processes (WANG et al., 2015; YOUNG et al., 2017) . This 69 span in clumped-isotope distributions suggests that enzymatic reactions associated with 70 methanogenesis and methanotrophy are capable of ranging from reversible to kinetic. 71
Previous work using one rare isotopologue (Δ 13 CH 3 D) suggests that that rate of zones (SMTZ) are noted at 3.3 MCD and 19 MCD ( Fig. 1A-B ). In sediments that are 91 sulphate poor but rich in iron oxides (e.g. 10-20 MCD [ Fig 1C] ), metal oxides may play a 92 role in methane consumption (SIVAN et al., 2011) . At 3.3 MCD, methane δ 13 C is -93 76.16‰, then increases to a maximum of -71.81‰ by 8.1 MCD, followed by a decrease 94 downcore to -75.59‰ (Fig. 1G ). Methane δD at 3.3 MCD is the most negative hydrogen 95 isotope value throughout the core at -244.0‰ and downcore, δD in methane increases to -96 238.2‰ with a small reversal present between 10-12 MCD before the trend of increasing 97 δD resumes ( Fig 1H) . In contrast, Δ 13 CH 3 D and Δ 12 CH 2 D 2 values show trends of 98 consistent increase downcore ( Fig. 1E-F) . At the shallowest measured depth of 3.5 MCD, 99 values of 4.7‰ and 7.9‰ for Δ 13 CH 3 D and Δ 12 CH 2 D 2 , respectively, are lower than 100
predicted equilibrium values of 6.3‰ and 22.3‰, respectively, for the average 101 subsurface temperature over this interval of 7.8±0.6°C. Activity measurements imply that 102 methanogenesis rates decrease with depth (Table S1 ). Modelling based on porewater and 103 solid phase profiles shows a methane production peak at 2.7 MCD that decreases 104 downcore and peak Fe-AOM consumption at 12 MCD [ Fig. 1D ]. The SMTZ at 19 MCD 105 is an additional methane sink not considered in the model by Dijkstra et al., (2018) . 106
Therefore, we consider the present-day Fe-AOM rates derived from modelling as a most 107 conservative possible estimate for total AOM activity at these depths. 108
109
Comparing the measured Δ 12 CH 2 D 2 values to the equilibrium Δ 12 CH 2 D 2 values associated 110 with measured Δ 13 CH 3 D values provides a novel parameter capable of demonstrating the 111 degree of thermodynamic disequilibrium for a methane system. ξ 12 CH 2 D 2 is analogous to 112 the symbol for the reaction progress variable ( ξ 12 CH 2 D 2 = Δ 12 CH 2 D 2, measured -Δ 12 CH 2 D 2, 113 equilibrium, see Supplementary Information). Values for ξ 12 CH 2 D 2 in upper sediments as low 114 as -7.5‰ are clear evidence for disequilibrium, while 0‰ (i.e. thermodynamic 115 equilibrium) is approached with increasing depth (Fig. 2) . In order to determine how 116 methanogenesis and methanotrophy influence this transition, we discuss evidence for 117 reversibility in each metabolism. 
